
Summary

Background: Echocardiography-based programming of
conduction delays in cardiac resynchronisation therapy
is complex and time-consuming. Impedance cardiogra-
phy (ICG) may be an alternative method. However, it is
unknown whether ICG is sensitive enough to detect
haemodynamic changes due to different pacing-in-
duced ventricular activation modes. The aim of this
study was to determine the ability of ICG to measure
haemodynamic changes during different ventricular
pacing modes in patients with a cardiac resynchroni-
sation therapy (CRT).

Methods: 18 patients were evaluated. Stroke vol-
ume (SV), cardiac output (CO) and total peripheral re-
sistance (TPR) were measured by means of ICG. Con-
tinuous blood pressure (cBP) was recorded with the
vascular unloading technique. Haemodynamic meas-
urements of 10-minute-sampling periods, taken in the
supine position, were compared during biventricular
(BIV), right (RV) and left ventricular (LV) pacing and
intrinsic rhythm (IR).

Results: One patient was excluded from the analy-
sis (serious haemodynamic deterioration during IR).
The age of the study population was 67 ± 10 years (94%
male) with a LV ejection fraction of 26 ± 6%. The ma-
jority had left-bundle-branch block (82%). Compared to
IR, BIV increased SV (58 ± 11 vs 67 ± 12 ml; p =
0.0007), CO (3.6 ± 0.7 vs 4.2 ± 0.8 l/min; p = 0.0007) and
reduced TPR (1975 ± 410 vs 1694 ± 390 dyn*s/cm5). cBP
remained unchanged during different ventricular pac-
ing modes.

Conclusion: ICG is able to detect intraindividual
changes of haemodynamic parameters induced by dif-
ferent pacing modes. However, its sensitivity to detect
haemodynamic changes through conduction delay varia-

tions, as performed for device opti-
misation, remains unclear.

Introduction

Cardiac resynchronisation therapy (CRT) in patients
with advanced heart failure and left bundle branch
block improves left ventricular function and reduces
clinical symptoms, rate of hospitalisations and overall
mortality in a subset of patients with left ventricular
systolic dysfunction [1, 2]. Since CRT has become an
established adjunctive treatment for heart failure pa-
tients, device performance has improved constantly, al-
lowing not only for restoration of left ventricular syn-
chrony through simultaneous left and right ventricu-
lar pacing but also for individualised modification of

ORIGINAL ARTICLE

208

Noninvasive haemodynamic monitoring by
transthoracic impedance cardiography during
different ventricular activation sequences in CRT
patients
David Altmann, Beat Schaer, Robert Blank, Raban Jeger, Christian Sticherling, Stefan Osswald

Division of Cardiology, University of Basel Hospital, Basel, Switzerland

Cardiovascular Medicine 2010;13(6):208–213

Abbreviations

AV atrioventricular

BIV biventricular pacing

cBP continous blood pressure

CRT cardiac resynchronisation therapy

HR heart rate

ICG impedance cardiography

IR intrinsic rhythm

LV left ventricular pacing

LVEF left ventricular ejection fraction

RV right ventricular pacing

SV stroke volume

TPR total peripheral resistance

VV interventricular
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both atrioventricular (AV) and interventricular (VV)
pacing intervals. In a prospectively conducted study,
individualised AV delay programming using echocar-
diography has been shown to improve NYHA class, left
ventricular ejection fraction (LVEF) and quality of life
compared to an AV delay of 120 ms [3]. Individualised
optimisation of biventricular stimulation timing has at-
tracted interest to reduce the substantial proportion of
CRT non-responders (20 to 30%) despite meeting ap-
propriate implantation criteria [4]. At present, differ-
ent noninvasive approaches have been chosen to opti-
mise AV and VV intervals during routine follow-up
management. In daily practice, device adaptation is
performed mainly by echocardiography, and different
approaches using Doppler echocardiography parame-
ters, tissue imaging techniques and 3-dimensional
echocardiography have been evaluated. However, al-
though widely used, echocardiography-based device op-
timisation is time consuming, and is not always repro-
ducible [5].

Impedance cardiography (ICG) as another nonin-
vasive technique for haemodynamic assessment has
been described for decades. Recently ICG has been in-
vestigated to optimise AV and VV intervals in CRT re-
cipients [6, 7]. However, the reported results remain
questionable with regard to the achieved amount of
measured haemodynamic improvement. In this study
we sought to determine if ICG is sensitive enough to
detect haemodynamic changes during different ven-
tricular activation patterns such as intrinsic rhythm,
right-, left- and biventricular pacing.

Patients and methods

Patient population
Eighteen patients with congestive heart failure treated with
CRT were evaluated one month after optimisation of the AV
and VV interval with Doppler echocardiography, as it is rou-
tinely performed at our department. Indication for CRT was
in line with international guidelines [8]. Right ventricular
lead was positioned in the right ventricular apex in all pa-
tients and left ventricular lead in a lateral or postero-lateral
cardiac vein. All patients were on optimal medical therapy
and had a stable NYHA classification at the time of, and for
at least one month before, study inclusion.

Impedance cardiography
ICG is based on the assumption that the thorax can be mod-
elled as a homogeneous electrical conductor filled with blood.
Volume changes in the cardiovascular system produce im-
pedance variations across the thorax. Surface electrodes con-
stantly deliver a low amplitude high frequency current and
measure variations in transthoracic impedance to this cur-
rent flow [9]. ICG was performed with the use of a commer-
cially available device (Task Force Monitor Systems, CNSys-
tems, Austria). This device combines continuous blood pres-
sure (cBP) measurement, using the vascular unloading
method at the finger [10], and beat-to-beat stroke volume (SV)
measurements with ICG. Variations of thoracic electric im-
pedance were assessed through band surface electrodes

placed at both sides of the lower thorax and at the neck base
as described previously [11]. In order to avoid artefacts dur-
ing data acquisition, telemetry between the CRT device and
the programmer was disconnected and ICG measurements
were stopped when switching between the pacing modes.
Since cBPmeasured on the small arteries of the fingers is not
representative for systemic blood pressure, values obtained
by the ICG device via two-fingers cuffs are automatically cor-
rected to oscillometric BP values obtained at the contra lat-
eral brachial artery. This is done without any interruptions of
cBP measurement by readjustment of the set point. Hence,
impedance cardiography provides real time noninvasive beat-
to-beat monitoring of stroke volume, blood pressure and total
peripheral resistance. For determination of the R-R interval,
a 2-channel ECG is included and allows real time calculation
of heart rate (heart rate in beats per minute). In addition, a
12-channel ECG was obtained at each pacing mode to assess
QRS duration. We used suction electrodes, which were placed
in a consistent way at each pacing mode and were removed
after ECG acquisition between each pacing mode.

Haemodynamic assessment
Measurements were performed in random order during
biventricular pacing (BIV), isolated right (RV) and left (LV)
ventricular pacing and intrinsic rhythm (IR), all in the VDD
mode with a lower rate limit of 40 bpm.As optimisation of AV
and VV conduction delays had been performed by echocar-
diography in all patients previously, the programmedAV and
VV intervals in BIV pacing were thought to represent the op-
timal pacing mode. For reproducibility of measurements, pa-
tients were in the supine position 10 minutes before meas-
urements were started and during the whole measurement
period. Data acquisition was performed during 10 minutes
periods with each pacing mode. The following haemodynamic
parameters were analysed: SV as assessed by ICG, cardiac
output (CO) calculated as SV*heart rate (HR), total periph-
eral resistance (TPR) as mean BP/CO, HR as 1/(R–R) and cBP
as described above.

Statistical analysis
Categorical data are presented as numbers (percentages) and
continuous data as mean ± standard deviation.
Wilcoxon signed rank sum test was used to compare continu-
ous variables where appropriate. P values were two-sided and
were considered statistically significant if <0.05. Calculations
were performed after averaging measurements from the 10
minute data acquisition during paced and intrinsic rhythm.
Statistical calculations were performed using the statistical
package Prism 5.0 for Mac OS.

Results

Patient characteristics
18 patients were included and one patient was ex-
cluded from the analysis because measurements had
to be stopped when serious haemodynamic deteriora-
tion during IR occurred. In another patient, cBP mon-
itoring was not possible because cuffs could not be fixed
on the patient fingers due to severe joint disease.
Therefore data on blood pressure and the derived cal-
culated TPR were not available for analysis in this pa-
tient. The age of the study population was 67 ± 10
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years. All but one were male and the majority had left
bundle branch block (82%) with a QRS duration dur-
ing IR of 173 ± 28 ms. Baseline characteristics are pre-
sented in table 1.

Haemodynamic measurements and QRS
width during different pacing modes compared
to intrinsic rhythm
Haemodynamic values obtained by ICG during differ-
ent ventricular pacing modes and IR are presented as
population-based mean values in table 2 and in table 3
as intraindividual changes of CO and TPR. Compared
with IR, both SV and CO improved significantly dur-
ing BIV (fig. 1 and 2). SV also significantly increased
during RV, although to a lesser extent compared to BIV.
cBP measurements remained unchanged during the
different pacing modes (fig. 3), whereas TPR signifi-
cantly decreased during BIV and RV (fig. 4).

Compared to IR, QRS duration increased during
RV, while BIV led to a decrease in QRS width, which
was not significant (table 2).

Cardiovascular Medicine 2010;13(6):208–213

Table 1
Baseline characteristics of the study population, n = 17.

Variable

Age (yrs) 67 ± 10

Male 16 (94%)

Body Mass Index (kg/m2) 29 ± 5

Left bundle branch block 14 (82%)

QRS duration (ms) 173 ± 28

NYHA II/III 6/11

Left ventricular ejection fraction (%) 26 ± 6

Ischaemic cardiomyopathy 12 (71%)

Data are numbers (percentage) or mean ± standard deviation.
NYHA = New York Heart Association functional classification
before CRT.

Table 2
QRS duration and haemodynamic values during different ventricular activation modes.

IR vs BIV IR vs RV IR vs LV

Variable IR BIV Δ (%) p RV Δ (%) p LV Δ (%) p

QRS duration (ms) 173 ± 28 165 ± 24 –5 0.25 210 ± 37 21 0.0006 187 ± 30 8 0.15

Stroke volume (ml) 58 ± 11 67 ± 12 16 0.0007 62 ± 13 7 0.03 60 ± 11 3 0.13

Cardiac output (l/min) 3.6 ± 0.7 4.2 ± 0.8 17 0.0007 3.8 ± 0.6 6 0.1 3.7 ± 0.6 3 0.21

TPR (dyn*s/cm5) 1975 ± 410 1694 ± 390 –14 0.0007 1783 ± 328 –10 0.009 1868 ± 318 –5 0.14

Systolic BP (mm Hg) 118 ± 12 117 ± 10 –1 0.86 116 ± 10 –2 0.29 118 ± 11 0 0.68

Diastolic BP (mm Hg) 76 ± 8 77 ± 8 1 0.78 75 ± 5 –1 0.78 76 ± 7 0 0.56

Heart rate (bpm) 64 ± 10 63 ± 10 –2 1.0 63 ± 10 –2 1.0 63 ± 10 –2 0.52

Data are mean ± standard deviation.

Figure 1
Stroke volume during intrinsic rhythm, biventricular, right and left ven-
tricular pacing. Box plots (25th and 75th percentile, horizontal line in-
dicates median value) and whiskers (minimum to maximum). Compa-
red to IR, BIV and RV significantly improved stroke volume.

Figure 2
Cardiac output during intrinsic rhythm, biventricular, right and left
ventricular pacing. Box plots (25th and 75th percentile, horizontal line
indicates median value) and whiskers (minimum to maximum). Cardiac
output significantly improved during BIV when compared to IR.

208-213 Altmann 020.qxp:Layout 1 10.6.2010 11:14 Uhr Seite 210



ORIGINAL ARTICLE

211

Discussion

In the present study, ICG detected variations in haemo-
dynamic parameters, induced by different ventricular
activation patterns through CRT devices, in heart fail-
ure patients. A significant improvement of SV and CO
was observed during BIV when compared to IR.

Value of ICG for noninvasive haemodynamic
monitoring
ICG has already been described as a noninvasive clin-
ical tool to monitor cardiac function [12]. Early studies
comparing ICG derived haemodynamic parameters to
those of invasive measurements, such as the Fick equa-
tion or thermodilution, revealed conflicting data. How-
ever, several studies demonstrated that ICG is accu-

rate in stable heart failure patients when it is com-
pared to invasive methods [13, 14]. Differences in pa-
tient populations, the lack of uniformity of device use
and different statistical methods could account for the
divergent results [11]. The accuracy of ICG, especially
in presence of tachycardia arrhythmias due to valvu-
lar regurgitation [15], very low CO [16], unstable car-
diac condition or early after cardiac surgery [17] has
been questioned. Another advantage has been made by
introducing surface band electrodes. Traditionally, used
ring electrodes, which are wrapped around the body or
the use of several spot electrodes, which are placed
close together have some disadvantages compared to
surface band electrodes. Ring electrodes, for example,
tend to slip or lose contact with the skin while the pa-
tient is moving or hamper the patient’s breathing. With
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Table 3
Intraindividual changes of cardiac output and total peripheral resistance during different ventricular activation modes and the CRT responder status.

Patient Variable IR BIV RV LV Responder

1 Cardiac output 3.7 ± 1.1 4.2 ± 1.0 3.4 ± 0.3 4.2 ± 2.5 no
Total peripheral resistance 1821 ± 350 1700 ± 263 1949 ± 199 1834 ± 464

2 Cardiac output 2.5 ± 0.2 3.4 ± 0.4 3.3 ± 0.6 3.1 ± 0.3 yes
Total peripheral resistance 2889 ± 281 2046 ± 219 2209 ± 240 2380 ± 205

3 Cardiac output 4.4 ± 0.5 5.1 ± 1.9 5.1 ± 2.1 4.2 ± 0.6 yes
Total peripheral resistance 1457 ± 146 1464 ± 492 1249 ± 293 1526 ± 166

4 Cardiac output 3.7 ± 0.5 4.5 ± 0.5 3.8 ± 0.1 4.1 ± 1.0 no
Total peripheral resistance 3303 ± 410 2626 ± 177 3084 ± 204 3131 ± 436

5 Cardiac output 3.6 ± 1.0 3.6 ± 0.6 3.6 ± 0.6 3.4 ± 0.6 yes
Total peripheral resistance 2003 ± 382 1874 ± 314 1863 ± 292 1990 ± 350

6 Cardiac output 3.5 ± 0.2 3.6 ± 0.6 4.0 ± 0.2 3.1 ± 0.3 yes
Total peripheral resistance 1871 ± 108 1840 ± 258 1480 ± 160 2046 ± 207

7 Cardiac output 3.3 ± 0.5 4.3 ± 0.5 3.9 ± 0.5 3.7 ± 0.4 yes
Total peripheral resistance 1946 ± 224 1588 ± 130 1727 ± 178 1804 ± 142

8 Cardiac output 2.8 ± 0.4 3.8 ± 0.1 3.5 ± 0.2 3.4 ± 0.1 yes
Total peripheral resistance n/a n/a n/a n/a

9 Cardiac output 2.4 ± 0.1 2.5 ± 0.2 2.7 ± 0.8 2.4 ± 0.2 yes
Total peripheral resistance 2394 ± 275 2249 ± 291 2393 ± 354 2331 ± 245

10 Cardiac output 5.1 ± 2.1 5.5 ± 0.3 5.4 ± 1.1 4.4 ± 0.3 yes
Total peripheral resistance 1809 ± 936 1215 ± 82 1291 ± 294 1509 ± 76

11 Cardiac output 3.1 ± 0.4 3.3 ± 0.2 3.8 ± 0.2 3.4 ± 0.2 yes
Total peripheral resistance 2023 ± 253 1998 ± 101 1702 ± 87 1891 ± 110

12 Cardiac output 4.1 ± 0.9 3.8 ± 0.3 3.4 ± 0.4 3.7 ± 0.2 no
Total peripheral resistance 1502 ± 262 1799 ± 150 1814 ± 147 1724 ± 95

13 Cardiac output 3.6 ± 0.1 3.9 ± 0.3 3.4 ± 0.4 3.9 ± 0.1 yes
Total peripheral resistance 2250 ± 195 2279 ± 137 2146 ± 140 1898 ± 121

14 Cardiac output 3.6 ± 0.1 4.7 ± 0.4 4.0 ± 0.8 4.0 ± 0.3 no
Total peripheral resistance 1755 ± 168 1323 ± 102 1516 ± 117 1654 ± 134

15 Cardiac output 3.2 ± 0.3 3.2 ± 0.3 3.7 ± 0.4 3.8 ± 0.6 yes
Total peripheral resistance 2562 ± 223 2562 ± 223 2250 ± 283 2300 ± 317

16 Cardiac output 2.3 ± 0.8 4.3 ± 0.2 4.4 ± 0.5 4.3 ± 0.7 no
Total peripheral resistance 1746 ± 397 1655 ± 90 1576 ± 57 1641 ± 234

17 Cardiac output 4.2 ± 0.4 4.9 ± 0.5 4.6 ± 0.5 4.3 ± 0.5 yes
Total peripheral resistance 1740 ± 202 1479 ± 191 1537 ± 168 1612 ± 216

Data are mean ± standard deviation. Cardiac output = ml/min; total peripheral resistance = dyn*sec/cm5. Responders to CRT were
defined when they experienced an improvement of at least one NYHA class.
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the use of spot electrodes, which create a point-like con-
tact to the skin, it is less reliable and reproducible to
create a homogeneous field in the thorax. The surface
band electrodes used in the present study cover a large
area of the skin creating a homogeneous field within
the thorax, without the need to move the patient while
applying them and show better reproducibility com-
pared to previously used band or spot electrodes. In a
comparative study in 16 heart failure patients, the ICG
monitor used in the present study showed a close cor-
relation to the gold standard of CO measurement by
thermodilution [18].

Comparison with previous studies comparing
haemodynamics during BIV pacing
The value of ICG has been investigated with respect to
optimising biventricular stimulation timing in CRT pa-
tients. Braun et al. compared the ability of echocardio-
graphy and ICG for optimisation of the AV interval in
CRT patients based on CO measurements [6]. The
mean increase of CO assessed by ICG from the worst to
the optimal AV interval was +38%, whereas changes in
CO assessed with echocardiography were significantly
lower (+17%). Of note, that study population investi-
gated and the current population were similar with re-
gard to age, baseline QRS duration, assignment of car-
diomyopathies and functional capacity (NYHA classi-
fication), but mean LVEF-assessed before CRT
implantation was lower compared to our study popula-
tion (21 ± 7 vs 26 ± 6%). Another study investigated
ICG-based CO measurements at intrinsic rhythm and
at different AV and VV delays, shortly after implanta-
tion of a CRT device using a standard pacing protocol
[7]. At first, the VV interval was optimised (LV preex-
citation –60 to +60 in steps of 20 ms) at a fixed AV in-

terval of 120 ms, followed by optimisation of the AV in-
terval (80 to 140 ms in steps of 20 ms) at simultaneous
biventricular pacing. Finally the device was set to
whichever combination of AV and VV intervals pro-
duced the highest CO. Compared to IR, CO was in-
creased by 22% during simultaneous BIV (VV = 0 ms)
and a fixed AV interval, and was further increased by
11% at optimised VV and AV intervals, thus there was
an increase of CO of 33% during optimised biventricu-
lar pacing. The proportion of patients with nonis-
chaemic cardiomyopathy in our study was considerably
higher compared to the study by Braun et al. (80 vs
29%) [6]. However, compared to the above discussed re-
sults, different ventricular activation patterns resulted
in much smaller haemodynamic changes in our study,
although we think that changing the ventricular acti-
vation pattern (no pacing vs optimised biventricular
pacing) should result in greater haemodynamic
changes compared to haemodynamic changes that
occur during variation of AV or VV conduction delays.
However, differences in baseline characteristics, in the
sample size of the study population and in the meas-
urement protocols as well as the point of time when
measurements were performed ([6]: 1 month, [7]: 3 to 5
days after CRT implantation) might explain the differ-
ent results.

Right ventricular apical pacing during conven-
tional permanent cardiac pacing has been shown to
have adverse haemodynamic effects, which might be
due to the induced ventricular dyssynchrony. However,
RV pacing significantly improved SV compared to IR
in our study, whereas LV pacing did not and in some
individuals RV pacing was equal to or better than BIV
(table 3, patients 2, 3, 5, 9, 10, 11, 15, 16). Comparing
RV to LV pacing we found no overall statistical differ-
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Figure 3
Blood pressure during intrinsic rhythm, biventricular, right and left ven-
tricular pacing. Data are mean with standard deviation. Despite signifi-
cant improvement in stroke volume and cardiac output during BIV
compared to IR blood pressure remained unchanged at whatever pa-
cing mode.

Figure 4
Total peripheral resistance during intrinsic rhythm, biventricular, right
and left ventricular pacing. Box plots (25th and 75th percentile, hori-
zontal line indicates median value) and whiskers (minimum to maxi-
mum). Total peripheral resistance was significantly reduced during BIV
despite significant increase in stroke volume and cardiac output.
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ence in SV or CO, but individual haemodynamic im-
provements during RV pacing were seen in some pa-
tients (table 3, patients 3, 6, 10). The DAVID trial for
example has shown higher mortality and worsening of
heart failure during permanent DDDR pacing at 70
/min compared to VVI backup pacing at 40/min. The
population consisted of patients with an indication for
an ICD but no indication for permanent pacing and a
LVEF of ≤40% [19]. Another trial compared BIV to RV
in patients with a depressed LVEF ≤40% and a stan-
dard pacing indication, and found that BIV was supe-
rior to RV with regards to LV function, exercise capac-
ity and quality of life after 3 months [20]. RV pacing
has also been found to decrease LVEF in patients with
normal LVEF and in patients after AV node ablation
for atrial fibrillation with rapid ventricular conduction
[21, 22].

However, we reported on short-term measure-
ments in patients with chronic biventricular pacing in
whom CRT had been switched off acutely. This and the
chronology of the pacing mode (BIV > RV > LV > IR),
even though equal in all patients, might have influ-
enced our measurements.

Limitations
As it was not the aim of our study to compare ICG
measurements to echocardiography, we do not know
how large the haemodynamic changes would have been
if measured. The sample size was small and could have
influenced outcome. Mitral valve regurgitation is often
present in dilated hearts, although CRT has been
shown to reduce mitral regurgitation. However, ICG
has been reported to be inaccurate in the presence of
valvular regurgitation. Therefore we cannot exclude in-
accurate haemodynamic measurements in our pa-
tients, since we were not aware of the degree of mitral
regurgitation at the time of haemodynamic measure-
ments with ICG. The use of ECG equipment next to the
ICG measurement unit might have had an influence
on measurements by increasing parallel resistance. As
each measurement was performed only once we do not
know whether our measurements would be repro-
ducible.

Conclusion
The main finding of our study was that in heart failure
patients with CRT devices, ICG is able to detect intra-
individual changes of haemodynamic parameters in-
duced by different pacing modes. However, based on
the small changes observed during dramatic changes
in ventricular activation patterns (CRT “on”/“off”), it
remains questionable whether ICG is sensitive enough
to detect subtle changes incurred by variations of the
AV and VV interval during a CRT optimisation proce-
dure. Therefore, the value of ICG for optimisation of
CRT devices remains questionable.
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